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Description 



A CONTROLLER AND CONTROL METHOD 
FOR A HYBRID ELECTRIC VEHICLE 
POWERTRAIN 

Cross Reference to Related Applications 

[0001] This application relates to U.S. patent application Serial 

No. 10/248,886, filed February 27, 2003, entitled "Closed- 
Loop Power Control System For Hybrid Electric Vehicles," 
which is assigned to the assignee of this application. 
Background of Invention 

[0002] 1. Field of the Invention 

[0003] The invention relates to a control system for a hybrid 

electric vehicle powertrain with an engine and electric mo- 
tor, and to a control method for managing power distri- 
bution when the motor is inactive. 

[0004] 2. Background Art 

[0005] Parallel hybrid electric vehicles of known design include 

an internal combustion engine and an electric motor, typi- 



cally a high voltage induction motor, which establish par- 
allel power flow paths to vehicle traction wheels. The 
powertrain has two power sources. A first power source is 
a combination of an engine and a generator subsystem 
with a planetary gear set for distributing power through 
separate power flow paths. The second is an electric drive 
system comprising a motor, a generator and a battery. 
The battery acts as an energy storage medium for the 
generator and the motor. The generator, in a parallel hy- 
brid powertrain, is driven by the engine. 
[0006] A mechanical power flow path is established between the 
engine and the transmission torque output shaft. The 
other power flow path is an electrical power flow path, 
which distributes power from the engine to the generator, 
the latter providing electrical power to the motor driving 
the torque output shaft of the transmission through gear- 
ing. 

[0007] When the powertrain is operating with the first power 
source, the engine power is divided between the two 
paths by controlling the generator speed, which implies 
that the engine speed can be decoupled from the vehicle 
speed. That is, the powertrain can act in a manner similar 
to a continuously variable transmission, where vehicle 



speed changes do not depend upon engine speed 
changes. 

[0008] The foregoing mode of operation is referred to as a posi- 
tive split. 

[0009] The powertrain can act also in a mode of operation that 
may be referred to as a negative split. In this instance, 
both the engine and generator input power to the plane- 
tary gear, which in turn propels the vehicle. In addition, as 
in the positive split mode, the engine speed can be de- 
coupled from the vehicle speed. The combination of the 
motor, the generator and the planetary gear set thus 
function as an electromechanical, continuously variable 
transmission. 

[0010] When a generator brake is activated, the powertrain will 
act in a so-called parallel mode in which engine power 
output is transmitted with a fixed gear ratio solely 
through a mechanical power flow path in the drivetrain. 

[0011] When the first power source is active, it can provide only 
forward propulsion since there is no reverse gear. The en- 
gine requires either a generator speed control or a gener- 
ator brake to transmit engine output power to the drive- 
train for forward motion. When the second power source 
is active, the electric motor draws power from the battery 



and provides propulsion independently of the engine for 
driving the vehicle forward and in reverse. The generator, 
at that time, can draw power from the battery and drive 
against a one way clutch on the engine output shaft to 
propel the vehicle forward. This mode of operation is 
called "generator drive." 
Summary of Invention 

[0012] The powertrain of the present invention maintains power 
flow paths when the motor subsystem is inactive. The 
strategy of the present invention will permit the power- 
train to be operated without the motor being active and, 
in this way, a so-called "quit-on-the-road" condition is 
avoided. 

[0013] The powertrain engine and the motor generator subsys- 
tem function together seamlessly as they deliver torque 
through a gear system to the vehicle traction wheels. The 
performance limits of the battery subsystem are not ex- 
ceeded. When the powertrain is operating under normal 
conditions with the motor active, the vehicle controller in- 
terprets the driver's input (z.e., the reverse, neutral and 
drive transmission selections and the acceleration or de- 
celeration demand), and then determines when and how 
much torque each power source needs to meet the 



driver's demand and to achieve a specified veliicle perfor- 
mance. Tlie veliicle system controller will determine oper- 
ating speed and torque for the engine to achieve a desired 
fuel economy and acceptable exhaust gas emissions. On 
the other hand, when the motor subsystem is inoperable, 
the vehicle controller determines, based on fault condi- 
tions, how the powertrain system should be operated. It 
determines the power level for each subsystem of the 
powertrain, which should be achieved to satisfy the 
driver's demand and when the motor is inactive. When the 
motor subsystem is inactive, for example, the electrome- 
chanical, continuously variable feature is lost. As a result, 
the flexibility of engine operation is limited because the 
ability to decouple the engine from the driver's torque de- 
mand and the vehicle speed is constrained. 
[0014] If the motor subsystem is inoperable, the engine is re- 
quired to be running at a given speed based upon the ve- 
hicle speed and the battery state-of-charge. At that time, 
the engine torque has to be proportional to the driver 
torque demand and the engine speed has to be deter- 
mined based on the vehicle speed and the battery state- 
of-charge. Simultaneously, the battery is prevented from 
overcharging. 



[0015] The strategy of the present invention will control the pow- 
ertrain when the motor subsystem shuts down. The en- 
gine and the generator subsystem will satisfy the driver's 
demand at that time. The controller will determine 
whether the powertrain system should be operated in the 
generator drive mode, the positive power-split mode, or 
the parallel power mode. It also determines the engine 
speed and torque at which the engine should operate. 
Brief Description of Drawings 

[0016] Figure 1 is a schematic representation of a hybrid electric 
vehicle powertrain, which includes a controller network, a 
generator, an electric motor and planetary gearing, which 
establish torque flow paths to the traction wheels of the 
vehicle; 

[0017] Figure 2 is a schematic block diagram of a system power 
flow; 

[0018] Figure 3 is a chart that shows the relationship between the 
battery state-of-charge (SOC) and the charge and dis- 
charge requirements; 

[0019] Figure 4 is a schematic block diagram of a hybrid electric 
vehicle powertrain wherein the motor, the generator, and 
the battery act as a sole power source; 

[0020] Figure 5 is a schematic block diagram showing the engine 



operating and the power flow path with a positive split; 
[0021] Figure 6 is a schematic block diagram showing the engine 
when it is on and the power flow path with a negative 
split; 

[0022] Figure 7 Is a schematic block diagram showing the engine 
and motor on, wherein a parallel power flow mode Is es- 
tablished; and 

[0023] Figure 8 is a flow chart Illustrating the control strategy of 
the Invention. 
Detailed Description 

[0024] Reference will be made from time-to-time to the term 

"negative" and "positive" battery power requests. Assum- 
ing that there Is a battery power request for charging, that 
request will be considered to be a request for positive 
power. If the battery power request calls for discharging 
the battery, that request will be considered to be a re- 
quest for negative power. 

[0025] The hybrid electric vehicle powertrain of one embodiment 
of the invention has a configuration, as shown in Figure 1. 
A vehicle system controller 10, a battery 12 and a 
transaxle 14, together with a motor-generator subsystem, 
comprise a control area network (CAN). An engine 16, 
controlled by controller 10, distributes torque through 



torque input shaft 18 to transmission 14. 
[0026] The transmission 14 includes a planetary gear unit 20, 
which comprises a ring gear 22, a sun gear 24, and a 
planetary carrier assembly 26. The ring gear 22 dis- 
tributes torque to step ratio gears comprising meshing 
gear elements 28, 30, 32, 34 and 36. A torque output 
shaft 38 for the transaxle is drivably connected to vehicle 
traction wheels 40 through a differential-and-axle mech- 
anism 42. 

[0027] Gears 30, 32 and 34 are mounted on a countershaft, the 
gear 32 engaging a motor-driven gear 44. Electric motor 
46 drives gear 44, which acts as a torque input for the 
countershaft gearing. 

[0028] The battery 12 delivers electric power to the motor 

through power flow path 48. Generator 50 is connected 
electrically to the battery and to the motor in known fash- 
ion, as shown at 52. 

[0029] When the powertrain battery 12 is acting as a sole power 
source with the engine off, the torque input shaft 18 and 
the carrier assembly 26 are braked by an overrunning 
coupling 53. A mechanical brake 55 anchors the rotor of 
generator 50 and the sun gear 24 when the engine is on 
and the powertrain is in a parallel drive mode, the sun 



gear 24 acting as a reaction element. 

[0030] In Figure 1, tlie veliicle system controller 10 receives a 
signal from a transmission range selector 63, which is 
distributed to transmission control module 67, together 
with a desired wheel torque, a desired engine speed and a 
generator brake command, as shown at 71. A battery 
contactor or switch 73 is closed after vehicle "key-on" 
startup. The controller 10 issues a desired engine torque 
request to engine 16, as shown at 69, which is dependent 
on accelerator pedal position sensor output 65. 

[0031] A brake pedal position sensor distributes awheel brake 
signal to controller, as shown at 61. The transmission 
control module issues a generator brake control signal to 
generator brake 55. It also distributes a generator control 
signal to generator 50. 

[0032] As mentioned previously, there are two power sources for 
the driveline. The first power source is a combination of 
the engine and generator subsystems, which are con- 
nected together using the planetary gear unit 20. The 
other power source involves only the electric drive system 
including the motor, the generator and the battery, where 
the battery acts as an energy storage medium for the gen- 
erator and the motor. 



[0033] The power flow paths between the various elements of the 
powertrain diagram shown in Figure 1 is illustrated in Fig- 
ure 2. Fuel is delivered to the engine 16 under the control 
of the operator in known fashion using an engine throttle. 
Engine power delivered to the planetary gear unit 20 is 
expressed as T oo , where T is engine torque and co is 

e e e e 

engine speed. Power delivered from the planetary ring 
gear to the countershaft gears is expressed as T^oo^, which 
is the product of ring gear torque and ring gear speed, re- 
spectively. Power out from the transmission 14 is repre- 
sented by the symbols and oo^, the torque of shaft 38 
and the speed of shaft 38, respectively. 
[0034] The generator, when it is acting as a motor, can deliver 
power to the planetary gearing. Alternatively, it can be 
driven by the planetary gearing, as represented in Figure 2 
by the power flow path 52. Similarly, power distribution 
between the motor and the countershaft gears can be dis- 
tributed in either direction, as shown by the power flow 
path 54. Driving power from the battery or charging 
power to the battery is represented by the bi-directional 
arrow 48. 

[0035] As shown in Figure 2, engine output power can be split 
into two paths by controlling the generator speed. The 



mechanical power flow path, T o) , is from the engine to 

r r 

the carrier to the ring gear to the countershaft. The elec- 
trical power flow path is from the engine to the generator 
to the motor to the countershaft. The engine power is 
split, whereby the engine speed is disassociated from the 
vehicle speed during a so-called positive split mode of 
operation. This condition is illustrated in Figure 5, where 
the engine 16 delivers power to the planetary gearing 20, 
which delivers power to the countershaft gears 30, 32 and 
34, which in turn drive the wheels. A portion of the plane- 
tary gearing power is distributed to the generator 50, 
which delivers charging power to the battery 12. The 
speed of the generator is greater than zero or positive, 
and the generator torque is less than zero. The battery 
drives the motor 46, which distributes power to the coun- 
tershaft. This arrangement is a positive split. 

[0036] If tiie generator, due to the mechanical properties of the 
planetary gear unit, acts as a power input to the planetary 
gear unit to drive the vehicle, the operating mode can be 
referred to as a negative split. This condition is shown in 
Figure 6, where the generator speed is negative and the 
generator torque also is negative. 

[0037] The generator in Figure 6 delivers power to the planetary 



gear unit 20 as the motor 46 acts as a generator and the 
battery 12 is charging. It is possible, however, that under 
some conditions the motor may distribute power to the 
countershaft gearing if the resulting torque at the wheels 
from the gearing does not satisfy the driver demand. Then 
the motor must make up the difference. 
[0038] If the generator brake 55 is activated, a parallel operating 
mode is established. This is shown in Figure 7, where the 
engine 16 is on and the generator is braked. The battery 
12 powers the motor 46, which powers the countershaft 
gearing simultaneously with delivery of power from the 
engine to the planetary gearing to the countershaft gear- 
ing. 

[0039] The first source of power can deliver torque only for for- 
ward propulsion because there is no reverse gear in the 
countershaft gearing. The engine requires either genera- 
tor control or a generator brake to permit transfer of 
power to the wheels for forward motion. 

[0040] The second source of power, previously described, is the 
battery, generator and motor subsystem. This is illus- 
trated in Figure 4. In this driving mode, the engine is 
braked by the overrunning coupling 53. The electric motor 
draws power from the battery and effects propulsion in- 



dependently of the engine, with either forward or reverse 
motion. The generator may draw power from the battery 
and drive against a reaction of the one-way coupling 53. 
The generator in this mode operates as a motor. 
[0041] The control strategy of the present invention will cause 

the engine to operate, whenever that is possible, to satisfy 
the driver's demand for power even when the motor sub- 
system is inactive. This avoids a "quit-on-the-road" con- 
dition. This is done while maintaining the battery state- 
of-charge at or above a target value. Maintaining the 
state-of-charge at its target value will ensure that the 
other subsystems that use battery power are functioning 
normally and that the battery will not be overcharged or 
overdischarged. 

[0042] When the electromechanical, continuously variable trans- 
mission function is not present due to an inactive motor 
subsystem, the engine operating point will not be at its 
optimum value nor at its normal operating point. The en- 
gine torque, at that time, must be set to the driver's 
torque demand multiplied by the gear ratio (K^), which is 
the ratio of the engine torque to the wheel torque. Fur- 
ther, the engine speed must be selected based on the ve- 
hicle speed and the battery state-of-charge. If the battery 



does not allow charging, for example, the generator speed 
must be set to zero (the parallel operating mode) since 
the motor subsystem is inactive. This requires the engine 
speed to be set to the vehicle speed divided by the gear 
ratio K^. If the vehicle speed is less than that minimum 
vehicle speed (V ), that ensures the minimum engine 

min 

speed (e.g., 700 RPM) with zero generator speed (parallel 
mode), the engine will stall. On the other hand, if the bat- 
tery requires charging, the system needs to be operated in 
the positive power-split mode and the engine speed is set 
to the sum of the vehicle speed divided by the gear ratio K. 
and the required charging power divided by the selected 
engine torque. The engine speed selection is based on the 
vehicle speed and the battery state-of-charge, which de- 
termines whether the battery needs to be charged or dis- 
charged. 

[0043] The determination of the engine torque command (t 

) when the powertrain is operating with the mo- 

e_command 

tor subsystem inactive, is achieved as follows: 

[0044] 



^HfteW.v = '^n„i-&H /,.W,v*'^'n«i. . he K ^^^^ wheels ^ 

torque ratio between ring & wheels ^^-^ 



1 



(2) 



1 + P 



[steady state) 



(3) 



'l + p'" (4) 



. 1 + P 

'^e_command ' '^wheels ^ 

ring & wheels 

The determination of engine speed command (a)engine_command), when the 
poweitrain is operating with the motor subsystem inactive, is carried out as follows: 



^vheeh " '^whteh * ^whteh (6) 

P,oc=Charge power = K(SOC,arser SOC) (7) 
Total Power Requested from Engine = Pe„gi„e 



(8) 



^engine ~ ^vheeh + ^SOC ^g-j 



(10) 



[0045] 
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^ e ^command ^ e ^command (11) 



' ^wheels ^ . 



(12) 
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[0046] The relationship between tlie state-of-cliarge (SOC) and 
the charging and discharging requirements is shown in 
Figure 3. The graph of Figure 3 shows that if the battery 
state-of-charge is above a so-called high state-of-charge 
(SOC ), the battery needs to be discharged or at least not 

h 

allowed to be charged. This implies that if the vehicle 
speed is not greater than the maximum vehicle speed V 

max 

at or above which speed the engine is required to be run- 
ning to prevent the generator from being overspeeded, 
the powertrain system needs to be operated in the gener- 



ator drive mode in wliicli tlie battery is discharging. Otli- 
erwise, the powertrain system needs to be operated in the 
parallel mode, which does not allow charging. The graph 
of Figure 3 also shows that if the battery state-of-charge 
is between SOC and the target value SOC , the pow- 

h target 

ertrain system can be operated in either the parallel mode 
or the positive split mode, depending on the vehicle speed 
and whether the engine is initially running or not running. 
Finally, if the battery state-of-charge is less than the tar- 
get value SOC , the powertrain system is required to 
be operated in the positive split mode. 

[0047] Figure 8 is a flow chart that shows the details of the con- 
trol strategy. In the flow chart, the various inputs to the 
controller are read, as shown at action block 60. One of 
these readings is the vehicle speed. The other inputs that 
are read are the battery state-of-charge and the driver 
torque demand. 

[0048] When the vehicle speed is measured, it is determined 
whether that speed is less than the minimum vehicle 
speed V or greater than maximum vehicle speed V 

min max 

A third possibility is that the vehicle speed is between V 

min 

and V . These decisions with respect to vehicle speed 

max 

are determined at decision blocks 62 and 64. 



[0049] In each of the foregoing routine branches of the diagram 
of Figure 8, it is determined whether the engine is on or 
off. This is done as shown at decision blocl<s 66, 68 and 
70, respectively. If the vehicle is operating in the branch 
of the routine in which the vehicle speed is less than the 
minimum, the engine can be on or off, as shown at 66. If 
the engine is on and the state-of-charge of the battery is 
less than the value SOC , as shown at 72, the engine is set 

h 

for operation in the positive power-split mode, as shown 
at 74. If the state-of-charge is greater than SOC , the en- 

h 

gine will be shut off, as shown at action block 76. The 
powertrain then will be set, as shown at action block 78, 
for operation in the generator drive mode. 
[0050] If the engine is not on, as determined at decision block 
66, the battery is checked to determine whether battery 
charging is required. This is done at decision block 80, 
where it is determined whether the state-of-charge is less 
than the target value. If it is less than the target value, the 
engine is started, as shown at action block 82, and the 
engine is set for operation in the positive power mode, as 
shown at 84. If the state-of-charge determined at deci- 
sion block 80 is greater than the target value, the engine 
is kept off and the system is set for operation in the gen- 



erator drive mode, as shown at action blocl< 86. 

[0051] If tlie veliicle speed determined at decision blocl< 64 is 
greater than the maximum vehicle speed, the engine is 
required to be running to prevent the generator from 
overspeeding. It is determined at decision blocl< 68 
whether the engine is running. If the engine is not on, the 
engine is started at decision blocl< 88. The state- 
of-charge then is checl<ed at decision blocl< 90 to deter- 
mine whether it is less than the target state-of-charge. If 
it is less than the target value, the battery requires charg- 
ing. Thus, the powertrain is set to operate in the positive 
split mode, as shown at action block 92. If the state- 
of-charge is greater than the target value, as determined 
at decision block 90, the powertrain is set for operation in 
the parallel mode, as shown at decision block 94. 

[0052] If the vehicle speed is between the minimum speed and 
the maximum speed, the engine is checked at decision 
block 70 to determine whether it is on. This is the pre- 
ferred condition. If the engine is on when entering this 
branch of the routine, the battery is checked at decision 
block 96 to determine whether the battery needs charg- 
ing. If that is the case, the engine is operating in the posi- 
tive power-split mode, as shown at action block 98. If the 



battery does not need charging, the engine is set for op- 
eration in the parallel mode, as shown at action block 
100. 

[0053] if^ as determined at decision block 70, the engine is not 
on, and the battery state-of-charge is less than the high 
state-of-charge value, as determined at decision block 
102, the engine is started, as shown at action block 104. 
Then, the battery is checked at decision block 106 to de- 
termine whether the battery needs charging. If it does not 
need charging (z.e., SOC > target), a parallel drive mode is 
set as shown at 100. If it does need charging, the engine 
is set for operation in the positive split mode, as shown at 
108. If the state-of-charge determined at 102 is greater 
than the value SOC , and the engine is not allowed to be 

h 

on, the engine is kept off, and the system is set for opera- 
tion in the generator drive mode, as shown at 110. 
[0054] There may be a hysteresis for the target value SOC^^^^^^ in 
the implementation of this routine. This would eliminate 
mode hunting between two modes - for example, be- 
tween the generator drive mode and the positive split 
mode in the first branch of the routine and between the 
parallel drive mode and the positive split mode in the 
other two branches of the routine. 



[0055] The following shows the desired engine torque and speed 
at which the engine is required to operate in the three 
modes: 

[0056] Positive Split mode: 

[0057] T =K *T 

e 1 driver 

[0058] o) =V /K + P It 
e veh 1 batt e 

[0059] Parallel mode: 

[0060] T =K *T 

e 1 driver 

[0061] 00 =V /K 
e veil 1 

[0062] Generator Drive mode: 

[0063] T =K * T (note: t =0 and o) =0) 

g 2 driver e e 

[0064] Where: 

[0065] X -driver's torque demand (NM) 

driver 

[0066] J -desired engine torque (NM) 

e 

[0067] T -desired generator torque (NM) 

g 

[0068] (j^j -desired engine speed (radians/sec) 

e 

[0069] -desired generator speed (radians/sec) 
g 

[0070] V -vehicle speed (M/second) 

veh 



[0071] p -battery required charging power (Watts) 

batt 

[0072] K^-gear ratio from engine to driven wlieels 

[0073] K^-gear ratio from generator to driven wlieels 

[0074] It is noted that in positive split mode, the generator is 
controlled to achieve the desired engine speed (which 
generates the desired generator torque command), and 
that in parallel mode, the generator is not required to be 
in operation. 

[0075] The control system will operate in accordance with the 
routine shown in Figure 8, for example, to provide the 
driver with an operating capability when the motor sub- 
system is inactive. The controller further will ensure 
proper operation of other powertrain subsystems, and will 
prevent the battery from overcharging. 

[0076] Although an embodiment of the invention has been dis- 
closed, it will be apparent to persons skilled in the art that 
modifications may be made without departing from the 
scope of the invention. All such modifications and equiva- 
lents thereof are intended to be covered by the following 
claims. 



